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(57) Abstract 

A microchip loboratory system (10) and method 
provide fluidic manipulations for a variety of applica- 
tions, including sample injection for microchip chemi- 
cal separations. The microchip is fabricated using stan- 
dard photolithographic procedures and chemical wet 
etching, with the substrate and cover plate joined us- 
ing direct bonding. Capillary electrophoresis and elec- 
nochromatography are performed in channels (26, 28. 
30, 32, 34, 36, 38) formed in the substrate. Analytes 
are loaded into a four-way intersection of channels by 
electrokinetically pumping the analyte through the in- 
tersection (40). followed by a switching of the poten- 
tials to force an analyte plug into the separation channel 
(34). 
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Description 

APPARATUS AND METHOD FOR PERFORMING MICROFLUIDIC 
MANIPULATIONS FOR CHEMICAL ANALYSIS AND SYNTHESIS 

5 

This invention was made with Government support under contract 
DE-AC05-MOR21400 awarded by the US. Department of Energy to Martin Marietta 
Energy Systems, Inc. tnd the Government has certain rights in this invention. 

10 f r H of the invention 

The present invention relates generally to miniature instrumentation for 
chemical analysis, chemical sensing and synthesis and. more specifically, to electrically 
controlled manipulations of fluids in micromachincd channels. These ma n ipulations can 
be used in a variety of applications, including the electrically controlled manipulation of 

15 fluid for capillary electrophoresis, liquid dromalography, flow injection analysis, and 
chemical reaction and synthesis. 



fiflTkff™""* nf the motion 

Laboratory analysis is a cumbersome process. Acquisition of chemical 

20 and biochemical information requires expensive equipment, specialiied labs and highly 
trained personnel. For this reason, laboratory testing is done in only a fraction of 
circumstances where acquisition of chemical information would be useful. A large 
proportion of testing in both research and clinical situations is done with crude manual 
methods that are characterized by high labor costs, high reagent consumption, long 

25 turnaround times, relative imprecision and poor reproducibility. The practice of 
techniques such as electrophoresis that are in widespread use in biology and medical 
laboratories have not changed significantly in thirty years. 

Operations that are performed in typical laboratory processes include 
specimen preparation, chernical/bic<hcmical conversions, sample fractionation, signal 

30 detection and data processing. To accomplish these tasks, liquids are often measured 
and dispensed with volumetric accuracy, mixed together, and subjected to one or several 
different physical or chemical environments that accomplish conversion or fractionation. 
In research, diagnostic, or development situations, these operations are carried out on a 
tnacroscopic scale using fluid volumes in the range of a few microliters to several liters 

35 at a time. Individual operations are performed in series, often using different specialized 
equipment and instruments for separate steps in the orocess. Complications, difficulty 
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and expense are often the result of operations involving multiple laboratory processing 
steps. 

Many workers have attempted to solve these problems by creating 
integrated laboratory systems. Conventional robotic devices have been adapted to 

5 perform pipetting, specimen handling, solution mixing, as well as some fractionation and 
detection operations. However, these devices are highly complicated, very expensive 
and their operation requires so much training dot their use has been restricted to a 
relatively smaD number of research and development programs. More successful have 
been automated clinical diagnostic systems for rapidly and inexpensively performing a 

10 small number of applications such as clinical chemistry tests for blood levels of glucose, 
electrolytes and gases. Unfortunately due to their complexity, large size and great cost, 
such equipment, is limited in its application to a small number of diagnostic 
circumstances. 

The desirability of exploiting the advantages of integrated systems in a 

IS broad & context of laboratory applications has led to proposals that such systems be 
miniaturized. In the 1980^ considerable research and development effort was put into 
an exploration of the concept of biosensors with the hope they might fill the need. Such 
devices make use of selective chemical systems or biomclecules that are coupled to new 
methods of detection such as electrochemistry and optics to transduce chemical signals 

20 to electrical ones that can be interpreted by computers and other signal processing units. 
Unfortunately, biosensors have been a commercial disappointment. Fewer than 20 
commercialized products were available in 1993, accounting for revenues in the U.S. of 
less than SI 00 million. Most observers agree that this failure is primarily technological 
rather than reflecting a misinterpretation of market potential- In feet, many situations 

25 such as massive screening for new drugs, highly parallel genetic research and testing, 
micro-chemistry to minimize costly reagent consumption and waste generation, and 
bedside or doctor's office diagnostics would greatly benefit from miniature integrated 
laboratory systems. 

In the early 1990**, people began to discuss the possibility of creating 

30 miniature versions of conventional technology. Andreas Manz was one of the first to 
articulate the idea in the scientific press. Calling them "miniaturized total analysis 
systems," or VTAS, W he predicted that it would be possible to integrate into single 
units microscopic versions of the various dements necessary to process chemical or 
biochemical samples, thereby achieving automated experimentation. Since that time, 
35 miniature components have appeared, particularly molecular separation methods and 
microvalves. However, attempts to combine these systems into completely integrated 
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— . have not ThU a F»»rily because pica* «»-^ ono [ 

£fl„idvulu»«me^ 

^ One prominent field susceptible to iiuniaturization is capiDaiy 

$ dcctrophmtsis. Capillary dectropho«*sUb«b^ 

dZd^ular species in solution. The technique i. performed in amd cpiury 
tube, to reduce bend bmedening effect, due to thennal convection ^ 1^ «n>iove 
resolving power. The small tube, imply that miiuite volume, of nurtenals. ontheordcr 
of nanoliters, must be handled to inject the sample into the separation capillary tube. 

0 Current techniques for injection include electromigration and sphomng of 

sample from a container into a continuous separation tube. Both of these technique, 
suffer from relatively poor reproducibility, and electromigration additionally suffer, from 
ekctrophoretic mobility-based bias. For both sampling technique, the moot end of the 

enarysis capillary tube r~^^ 
15 the sample. Thus, a mechanical manipulation is involved. For the siphoning injection. 

the .ample reservoir b raised above the bufler reservoir holding the exit end of the 

capillary for a fixed length of time. 

An dectromigration injection is effected by applying an appropriately 

polarized dectrical potential across the capillary tube for a given duration while the 
20 entrance end ofthe capillary is in the sample reservoir. This can lead to sampling btas 

because a disproportionately larger quantity of the species with higher dectrophoreuc 

mobilities mignae into the tube. The capillary is removedfrom the sample reservouand 

replaced into the entrance buffer reservoir after the injection duration for both 

25 tCChmqUeS " ^ continuing need exists for methods and apparatuses which lead to 
improved dectrophorctic resolution and improved injection stability. 

Slim™«rY«fthe^rjrrt^ provldes microchip laboratory systems and 

30 methods that allow complex biochemical and chemical procedures to be conducted on a 
microchip under dectronic control. The microchip laboratory s>*cms eompnses a 
material handling apparatus that transports materials through a system of interconnected^ 
btegratcdcharmdsonan^crochip. The movement ofthe materials » precisely directed 
bv controlling the dectric fields produced in the integrated channels. The prease control 
35 of the movement of such material, enables precise mixing, separation, end react™ as 
needed to implement a desired biochemical or chemical procedure. 
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The microchip laboratory system of the present invention analyzes and/or 
synthesizes chemical materials in a precise and reproducible manner. The system 
includes a body twving integrated channels connecting a plurality of reservoirs that store 
the chemical materials used in the chemical analysis or synthesis performed by the 

5 system. In one aspect, at least five of the reservoirs aimultaneouiiy have a controlled 
electrical potential, such that material from at least one of the reservoirs is transported 
through the channel* toward at least one of the other reservoir* The transportation of 
the material through the channels provides exposure to one or more selected cbemicii or 
physical environments, thereby resulting in the synthesis or analysis of the chemical 

10 material. 

The microchip laboratory system preferably also includes one or more 
intersections of integrated channels connecting three or more of the reservoirs. The 
laboratory system controls the electric fields produced in the channels in a manner that 
controls which materials in the reservoirs are transported through the intersection^). In 
15 one embodiment, the microchip laboratory system acts as a mixer or diluter that 
combines materials in the intersections) by producing an electrical potential in the 
intersection that is less than the electrical potential at each of the two reservoirs from 
which the materials to be mixed originate. Alternatively, the laboratory system can act 
as a dispenser that dectrokinetically injects precise, controlled amounts of material 
20 through the intersections). 

By simultaneously applying an electrical potential at each of at least five 
reservoirs, the microchip laboratory system can act as a complete system for performing 
an entire chemical analysis or synthesis. The five or more reservoirs can be configured in 
a manner that enables the elcctrokinelic separation of a sample to be analyzed ("the 
25 analyte") which is then mixed with a reagent from a reagent reservoir. Alternatively, a 
chemical reaction of an analyte and a solvent can be performed first, and then the 
material resulting from the reaction can be elcctrolrincticaUy separated. As such, the use 
of five or . more reservoirs provides an integrated laboratory system that can perform 
virtually any chemical analysis or synthesis. 
30 in yet another aspect of the invention, the microchip laboratory system 

includes * double intersection formed by channels interconnecting at least six reservoirs. 
The first intersection can be used to inject a precisely sized analyte plug into a separation 
channel toward a waste reservoir. The electrical potential at the second intersection can 
be selected in a manner that provides additional control over the size of the analyte plug. 
35 In addition, the electrical potentials can be controlled m a manner that transports 
materials from the fifth and sixth reservoirs through the second intersection toward the 
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fimtateneatonmdtow^ 

the fim hrtenection u tiwsported thn^ 

reservoir. S^zon^^v^toi^^^^^^^^^ 

$ in another aspect, the inicrochip laboratory system acts as a rmcrodup 

flow comrdsystm to control the flow of na^ 

integrated channels connecting * it* four reservoirs. The microchip flow and 
.muluneously applies . controlled electrical potential to .1 least three of the 
reservoirs such that the volume of material transported from the first «ervo«r to a 
,0 second reservoir through the imersection is selectively controlled soWy by the 
movement of a material from . third reservoir through the intersect,™. Preferably, the 
„^al moved throush the third res«v^ 

from the first reservoir is directed toward the ^ second re^ir as the matenal ftom 
the first reservoir. As such, the microchip flow control system acts as a valveor.gatc 

15 that selectively controls the volume of material transported throufih the intersect**.. 
The microchip flow control system can also be configured to act as a dispenser that 
prevents the first material from moving through the intersection toward the second 
reservoir after a selected volume of the first .naterial has |>aased through 
Alternatively, the microchip flow control system can be configured to act as a dUuter 

20 that nuxes the first and second materials in the intersection in a manner that 
simultaneously transports the first and second materials from the imersection toward the 

second reservoir. . 

Other objects, advantages and salient features of the invention wfll 
become apparent from the following detailed description, which taken in conjunction 
25 with the annexed drawings, discloses preferred embodiments of the ir.venuon. 

Bri ef Itecrint ipn nf the Drawing 

Figure 1 is a schematic view of a preferred embodiment of the presort 

invention^ 

30 Figure 2 is an enlarged, vertical sectional view of a channel shown; 

figure 3 is a schematic, top view of a microchip according to a second 
preferred embodiment of the present invention; 

Figure 4 is an enlarged view of the wtersection region of Figure 3; 

Figure 5 are CCD images of a plug of analyte moving through the 
35 intersection of the Figure 30 embodiment; 
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Figure 6 is a schematic top view of a microchip laboratory system 
according to a thin) preferred embodim en t of a microchip according to the present 
invention; 

Figure 7 is a CCD image of "sample loading mode for rhodamine B" 

5 (shaded area); 

Figure 8(a) is a schematic view of the intersection area of the microchip 
of Figure 6, prior to analyte injection; 

Figure 8(b) is a CCD fluorescence image taken of the same area depicted 
in Figure 8(a), after sample loading in the pinched mode; 
10 Figure 8(c) is a photomicrograph taken of the same area depicted in 

Figure 8(a), after sample loading in the floating mode; 

Figure 9 shows integrated fluorescence signals for injected volume 
plotted versus time for pinched and floating injections; 

Figure 10 is a schematic, top view of a microchip according to a fourth 
1 5 preferred embodiment of the present invention; 

Figure 1 1 is an enlarged view of the intersection region of Figure 10; 
Figure 12 is a schematic top view of a microchip laboratory system 
according to a fifth preferred embodiment according to the present invention; 

Figure 13(a) is a schematic view of a CCD camera view of the 
20 intersection area of the microchip laboratory system of Figure 12; 

Figure 13(b) is a CCD fluorescence image taken of the same area 
depicted in Figure 13(a), after sample loading in the pinched mode; 

Figures 13(c)- 13(e) are CCD fluorescence images taken of the same area 
depicted in Figure 13(a), sequentially showing a plug of analyte moving away from the 
25 channel intersection at 1, 2, and 3 seconds, respectively, after switching to the nm mode. 
Figure 14 shows two injection profiles for didansyl-lysinc ityected for 2s 
with y equal to 0.97 and 9.7; 

Figure IS are electropherograms taken at (a) 3.3 cm. (b) 9.9 cm, and 
(c) 16.5 cm from the point of injection for rhodamine B Cass retained) and 
30 sulfbrhodamine (more retained); 

Figure 16 is a plot of the efficiency data generated from the 
dectropherograms of Figure 15, showing variation of the plate number with., channel 
length for rhodamine B (square with plus) and sulforhodamine (square with phis) and 
sulfbrhodamine (square with dot) with best finear fit (solid lines) for each analyte; 
35 Figure 17(a) is an dectropherogram of rhodamine B and fluorescein with 

a separation Add strength of 1 .5 kV/cm and a separation length of 0.9 mm; 
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Figure 17(b) is an dectrcfherogram of tnodamine B and fluorescein with 
. separation fidd strength of 1.5 kV/cm and a leoarationkngthof l.« nan; 

Figure 17(c) 'is in cteTOpherogram of rhodamine B and fluorescein with 
a separation field strength of IS kVfcm and a separation taigw of 1U inm; 
5 Figure 18 is t graph ihowbig variation of the number of plates per unit 

tune is • Amotion of the electric field strength for rhodaminc B it separation lengths of 
1.6 mm (drde) and 11.1 mm (square) tnd for fluorescein at separation lengths of 1.6 
mm (diamond) and 11.1 mm (triangle); 

Figure 19 shows a chromatograrn of coumarins analyzed by 

10 electrochromatography using the system of Figure 12; 

Figure 20 shows a chromatogram of coumarins resulting from rmcdlar 
deetrokmetic capillary chromatography using the system of Figure 12; 

Figures 21(a) and 21(b) show the separation of three metal ions using the 
system of Figure 12; 

15 Figure 22 is a schematic, top plan view of a microchip according to the 

Figure 3 embodiment, additionally including a reagent reservoir and reaction channel; 

Figure 23 is a schematic view of the embodiment of Figure 20, showing 
applied voltages; 

Figure 24 shows two electfopherograms produced using the Figure 22 

20 embodiment; 

Figure 25 is a schematic view of a microchip laboratory system according 
to a sixth preferred embodiment of the present invention; 

Figure 26 shows the reproducibility of the amount injected for arginine 

and glycine using the system of Figure 25; 
2S figure 27 shows the overlay of three dectrophoretic separations using 

the system of Figure 25; 

Figure 28 shows a plot of amounts injected versus reaction time using the 

system ofFujure 25; 

Figure 29 shows an dectropherogram of restriction fragments produced 

30 using the system of Figure 25; 

Figure 30 is a schematic view of a microchip laboratory system according 
to a seventh preferred embodiment of the present invention. 

Figure 31 is a schematic view of the apparatus or Figure 21, showing 
sequential applications of voltages to effect desired fluicfic manipulations; and 
35 Figure 32 is a graph showing the Afferent voltages applied to effect the 

fluidic manipulations of Figure 23. 
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flytailed Desq iptift" of the Invention 

Integrated, micro-laboratory systems for analyzing or synthesizing 
chemicals require a precise way of manipulating fluids and fluid-bome material and 
5 subjecting the fluids to selected chemical or physical environments that produce desired 
conversions or partitioning. Given the concentration of analytes that produces chemical 
conversion in reasonable time scales, the nature of molecular detection, diffusion times 
and manufacturing methods for creating devices on a microscopic scale, miniature 
integrated micro-laboratory systems lend themselves to channels having dimensions on 

10 the order of 1 to 100 micrometers in diameter. Within this context, dectrokinetic 
pumping has proven to be versatile and effective in transporting materials in 
microfabricated laboratory systems. 

The present invention provides the tools necessary to make use of 
etectrokinetic pumping not only in separations, but also to perform liquid handling that 

IS accomplishes other important sample processing steps, such as chemical conversions or 
sample partitioning. By simultaneously controlling voltage at a plurality of ports 
connected by channels in a microchip structure, it is possible to measure and dispense 
fluids with great precision, mix reagents, incubate reaction components, direct the 
components towards sites of physical or biochemical partition, and subject the 

20 components to detector systems. By combining these capabilities on a single microchip, 
one is able to create complete, miniature, integrated automated laboratory systems for 
analyzing or synthesizing chemicals. 

Such integrated micro-laboratory systems can be made up of several 
component dements. Component elements can include liquid dispersing systems, liquid 

25 mixing systems, molecular partition systems, detector sights, etc. For example, as 
described heron, one can construct a relatively complete system for the identification of 
restriction endonudease sites in a DNA molecule. This single microfabricated device 
thus includes in a single system the functions that are traditionally performed by a 
technician employing pipetton, incubators, gd dectrophoresis systems, and data 

30 acquisition systems. In this system, DNA is mixed with an enzyme, the mixture is 
incubated, and a selected volume of the reaction mixture is dispensed into a separation 
channel. Electrophoresis is conducted concurrent with fluorescent labeling of the DNA. 

Shown in Figure I is an example of a microchip laboratory system 10 
configured to implement an entire chemical analysis or synthesis. The laboratory system 

35 10 includes six reservoirs 12, 14, 16, 18, 20, and 22 connected to each other by a system 
of channels 24 micromachined into a substrate or base member (not shown m Fig. l\ as 
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discussed in more detail below. Each reservoir 12-22 it in fluid communication with a 
correspomfing channel 26, 28. 3 O t 32, 34 t 36, and 38 of the channel system 24, The first 
channel 26 leading from the first reservoir 12 is connected to the second channel 28 
kat&qg from the second reservoir 14 at a first intersection 38. Likewise, the third 
5 channel 30 from the third reservoir 16 is connected to the fourth channel 32 at a second 
intersection 40. The first intersection 38 ii connected to the second intersection 40 by a 
reaction chamber or channel 42. The fifth channel 34 from the fifth reservoir 20 is also 
connected to the second intersection 40 such that the second intersection 40 is a four- 
way intersection of channels 30, 32, 34 t and 42. The fifth channel 34 also intersects the 

10 sixth channel 36 from the sixth reservoir 22 at a third intersection 44 

The materials stored in the reservoirs preferably are transported 
dectrokinetically through the channel system 24 in order to implement the desired 
analysis or synthesis. To provide such electrokinetic transport, the laboratory system 10 
includes a voltage controller 46 capable of applying selectable voltage levels, including 

15 ground. Such a voltage controller can be implemented using multiple voltage dividers 
and multiple relays to obtain the selectable voltage levels The voltage controller is 
connected to an electrode positioned in each of the six reservoirs 12-22 by voltage fines 
V1-V6 in order to apply the desired voltages to the material* in the reservoirs. 
Preferably, the voltage controller also includes sensor channels SI, S 2, and S3 connected 

20 to the first, second, and third intersections 38, 40, 44, respectively, in order to sense the 
voltages present at those intersections. 

The use of electrokinetic transport on microminiaturized planar liquid 
phase separation devices, described above, is a viable approach for sample m a n ipula t ion 
and as a pumping mechanism for liquid chromatography. The present invention also 

25 entails the use of electroosmotic flow to mix various fluids in a controlled and 
reproducible fashion. When an appropriate fluid is placed in a tube made of a 
correspondingly appropriate material functional groups at the surface of the tube can 
ionize. In the case of tubing materials that are terminated in hydrcxyl groups, protons 
will leave the surface and enter an aqueous solvent. Under such conditions the surface 

30 will have a net negative charge and the solvent will have an excess of positive charges, 
mostly in the charged double layer at the surface. With the application of an electric 
field across the tube, the excess cations in solution will be attracted to the cathode, or 
negative electrode. The movement of these positive charges through the tube will drag 
the solvent with them. The steady state velocity is given by equation 1. 

e$E n 

35 v = 7 >— (l 

4jiti 
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where v is the solvent velocity, e is the dielectric constant of the fluid, Sisthezeta 
potential of the suiface, E is the electric field strength, end x is the solvent viscosity. 
From equation 1 it i» obvious that the fluid flow velocity or flow rile can be controlled 
5 through the electric 6dd strength. Thus, dectroosmcms eanbe used a? a programmable 
pumping mechanism. 

The laboratory microchip system 10 shown in Figure 1 could be used for 
performing numerous types of laboratory analysis or synthesis, such as DNA sequencing 
or analysis, dectrochromatography, nncellar dectroldnetie capillary chromatography 
10 (MECC), inorganic ion analysis, and gradient dutton liquid chromatography, as 
discussed in more detail below. The fifth channel 34 typically is used for electrophoretic 
or dectiochromatographic separations and thus may be referred to in certain 
embodiments as a separation channel or column. The reaction chamber 42 can be used 
to mix any two chemicals stored in the first and second reservoirs 12, 14. For example, 
IS DNA from the first reservoir 12 could be mixed with an enzyme from the second 
reservoir 14 in the first intersection 38 and the mixture could be incubaed in the reaction 
chamber 42. The incubated mixture could then be transported through the second 
intersection 40 into the separation column 34 tor separation. The sixth reservoir 22 can 
be used to store a fluorescent labd that is mixed in the third intersection 44 with the 
20 materials separated in the separation column 34. An appropriate detector (D) could then 
be employed to analyze the labeled materials between the third intersection 44 and the 
fifth reservoir 20. By providing for a pre-separation column reaction in the first 
intersection 38 and reaction chamber 42 and a post-separation column reaction in the 
third intersection 44, the laboratory system 10 can be used to implement many standard 
25 laboratory techniques normally implemented manually in a convemitmal laboratory. In 
addition, the dements of the laboratory system 10 could be used to build a more 
complex system to solve more complex laboratory procedures. 

The laboratory microchip system 10 includes a substrate or base member 
(not shown in Fig. 1) which can be an approximately two inch by one inch piece of 
30 microscope slide (Corning, Inc. #2947). While glass is a Referred material, other similar 
materials may be used, such as fused silica, crystalline quartz, fused quartz, plastics, and 
silicon Of the surface is treated sufficiently to alter its resistivity). Preferably, a non- 
conductive material such as glass or fused quartz is used to allow re atively high electric 
Adds to be applied to dectroWneticalty transport materials through channels in the 
35 microchip. Semiconducting materials such as silicon could also be used, but the electric 
field applied would normally need to be kept to a minimum (approximately less than 300 
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volts per ccntim**"- using present techniques of providing insulating faryenX which nay 
provide insufficient dectrokinettc movement 

The channel pattern 24 is formed in a planar surface of the substrate using 
standard photolithographic procedures followed by c h r mi ra l wet etching. The channel 
5 pattern may be tramderred onto the substrate with a poahive pbotOTtaist (Shipley 1811) 
and an e-beam written chrome mask fiiutitute of Advanced Manufacturing Srimrm, 
Inc.). The pattern may he cfaanicalry etched using HF/NH4F solution 

After forming the channel pattern, a cover plate may then be bonded to 
the substrate using a direct bonding technique whereby the substrate and the cover plate 
10 surfaces are first hydrolyzed in a dilute NH^H/HjO, solution and then joined. The 
assembly is then annealed at about 500° C in order to insure proper adhesion of the 

cover plate to the substrate. 

Following bonding of the cover plate, the reservoirs are affixed to the 
substrate, with portions of the cover plate sandwiched therebetween, using epoxy or 
IS other suitable means. The reservoirs can be cylindrical with open opposite axial ends. 
Typically, electrical contact is made by placing a platinum wire electrode in each 
reservoirs. The electrodes are connected to a voltage controller 46 which applies a 
desired potential to select electrodes, in a manner described in more detail below. 

A cross section of the first channel is shown in Figure 2 and is identical to 
20 the cross section of each of the other integrated channels. When using a ron-crystalline 
material (such as glass) for the substrate, and when the channels ire chemically wet 
etched, an isotropic etch occurs, U., the glass etches uniformly in all directions, and the 
resulting channel geometry is trapezoidal The trapezoidal crow section is due to 
■undercutting" by the chemical etching process it the edge of the photoresist. In one 
25 embodiment, the channel cross section of the illustrated embodiment has dimensions of 
52 um in depth, 57 urn in width at the top and 45 urn in width at the bottom. In 
another embodiment, the channel has a depth "d" of 10pm, an upper width "wl" of 
90um, and a lower width *w2" of 70pm. 

An important aspect of the present invention is the controlled 
30 electrokinetxc transportation of materials through the channel system 24. Such 
controlled olectrokinetic transport can be used to dispense a selected amount of material 
from one of the reservoirs through one or more intersections of the channel structure 24. 
Altenurivdy, as noted above, selected amounts of materials from two reservoirs can be 
transported to an intersection where the materials can be mixed in desired 
35 concentrations. 
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Shown in Figure 3 if a laboratory component 10A that can be used to 
implement a preferred method of transporting materials through a channel structure 24A. 
The A following each number in Figure 3 indicates that it corresponds to an analogous 
5 element of Figure 1 of the same number without the A. For simplicity, the electrodes 
and the connections to the voltage controller that controls the transport of materials 
through the channel system 24 A are not shown in Figure 3. 

The microchip laboratory system 10A shown in Figure 3 controls the 
amount of material from the first reservoir 12A transported through e intersection 40A 
10 toward the fourth reservoir 20A by elcctrokineticaDy opening and dosing access to the 
intersection 40A from the first channel 26A As such, the laboratory microchip system 
10A essentially implements a controlled electroldnetic valve. Such an electrokinetic 
valve can be used as a dispenser to dispense selected volumes of a sinjlc material or as a 
mixer to mix selected volumes of plural materials in the intersection 40A. In general, 
IS electro-osmosis is used to transport "fluid materials 11 and electrophoresis is used to 
transport ions without transporting the fluid material surrounding the ions. Accordingly, 
as used herein, the term "materia!" is used broadly to cover any form of material, 
including fluids and tons. 

The laboratory system 10A provides a continuous uit directional flow of 
20 fluid through the separation channel 34A. This injection or dispensing scheme only 
requires that the voltage be changed or removed from one (or two) reservoirs and allows 
the fourth reservoir 20A to remain at ground potential. This will allow injection and 
separation to be performed with a single polarity power supply. 

An enlarged view of the intersection 40A is shown in Figure 4. The 
25 directional arrows indicate the time sequence of the flow profiles at the intersection 40 A 
The solid arrows show the initial flow pattern. Voltages at the various reservoirs are 
adjusted to obtain the described flow patterns. The initial flow pattern brings a second 
material from the second reservoir 16A at a sufficient rate such that all of the first 
material transported from reservoir 12A to the intersection 40A is pushed toward the 
30 third reservoir 18A. In general, the potential distribution will be such that the highest 
potential is in the second reservoir 16A, a slightly lower potential in the first 
reservoir 12 A, and yet a lower potential in the third reservoir UK with the fourth 
reservoir 20A being grounded. Under these conditions, the flow towards the fourth 
reservoir 20A is solely the second material from the second reservoir 16A. 
35 To dispense material from the first reservoir 12A through the intersection 

40A, the potential at the second reservoir 16A can be switched to a value less than the 
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potential of the first reservoir 12A or the potentials it reservoirs 16A and/or ISA, can be 
floated momentarily to provide the flow shown by the short dashed arrows in Figure 4. 
Under these conditions, the primary flow will be from the first reservoir I2A down 
towards the separation channel waste reservoir 20A. The flow from the second and 
5 third reservoirs 16A, 18A will be smaD and could be in either direction. This condition is 
held long enough to transport a desired amount of material from the first reservoir 12A 
through the intersection 40A and into the leparation channel 34A. After sufficient time 
for the desired material to pass through the intersection 40 A, the voltage distribution is 
switched back to the original values to prevent additional material from the first reservoir 

10 12A from flowing through the intersection 40A toward the separation channel 34A. 

One application of such a "gated dispenser" is to inject a controlled, 
variable-sized plug of analyte from the first reservoir 12A for electrophoretic or 
chromatographic separation in the separation channel 34A. In such a system, the first 
reservoir 12A stores analyte; the second reservoir 16A stores an ionic buffer, the third 

IS reservoir I8A is a first waste reservoir and the fourth reservoir 20A is a second waste 
reservoir. To inject a small variable plug of analyte from the first reservoir 12A, the 
potentials at the buffer and first waste reservoirs 16A, 18A are limply floated for a short 
period of time (« 100 ms) to allow the analyte to migrate down the separation column 
34 A. To break off the injection plug, the potentials at the buffer rcsrvoir 16A and the 

20 first waste reservoir 18A are reapplied. Alternatively, the valving sequence could be 
effected by bringing reservoirs 16A and 18A to the potential of the intersection 40A and 
then returning them to their original potentials A shortfall of this method is that the 
composition of the injected phig has an electrophoretic mobility bias whereby the fester 
migrating compounds are introduced preferentially into the separation column 34A over 

25 slower migrating compounds. 

In Figure 5. a sequential view of a plug of analyte moving through the 
intersection of the Figure 3 embodiment can be seen by CCD images The analyte being 
pumped through the laboratory system 10A was rhodamine B (shaded area), and the 
orientation of the CCD images of the injection cross or intersection is the same as in 

30 Figure 3. The first image, (A), shows the analyte being pumped through the injection 
cross or intersection toward the first waste reservoir 18A prior to ihe injection. The 
second image, (B), shows the analyte plug being injected into the separation column 
34A. The third image, (CX depicts the analyte plug moving away from the injection 
intersection after an injection plug has been completely introduced into the separation 
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